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Abstract 
 
 
Mercury (Hg) is a highly spread environmental contaminant known to cause 
mutagenesis and clastogenicity in animals. Hg’s deleterious effects in plants, however, 
are poorly understood and thus it is urgent to evaluate its genotoxicity of this metal.  
To determine if in vivo exposure to Hg induced genotoxic effects, the following 
endpoints were evaluated: ploidy level, cell cycle arrest and DNA damage. Pea seeds 
were germinated in distilled water and grown in modified Hoagland’s medium with 
increasing concentrations of HgCl2 (0, 1, 10 and 100 µM). After 14 days of exposure, 
plant growth was recorded and the tissues were harvested for analysis. In general, Hg 
exposure affected most of the endpoints assayed being that roots were more affected 
than shoots. Plant growth was substantially impaired in plants exposed to 100 µM. 
The evaluation of the ploidy level revealed that only the 2C level was observed, for 
any of the conditions assayed. The cell cycle dynamics of roots presented 
heterogeneous variations caused by Hg exposure: 1 µM of Hg caused a delay in the 
transition from S to G2; 10 µM had cytostatic effect at the G0/G1
 
 checkpoint and 
decrease of cell proliferation index (CPI). At 100 µM, the number of cells analyzed was 
significantly lower than in any other condition tested but the CPI and cell cycle 
dynamics of the surviving cells recovered to the value presented by 1 µM roots. DNA 
damage assessment proved that roots exposed to 100 µM presented severe DNA 
degradation, nuclear distortions, micronuclei formation and an accentuated decrease 
in the Mitotic Index. In conclusion, our results demonstrate that Hg severally affected 
the parameters assessed, causing cell cycle arrest and DNA damage. Moreover, the 
work presented here is the first report of Hg genotoxicity analysis by Flow Cytometry 
and Comet Assay in plants.  
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Resumo 
 
O Mercúrio (Hg) é um contaminante ubíquo no meio ambiente e que causa 
mutagenese e clastogenese em animais. É sabido que este metal tem efeitos 
prejudiciais para as plantas mas esse efeito está pouco estudado, sendo portanto 
urgente o estudo e avaliação do efeito deste metal ao nível do ADN. Com o intuito de 
determinar se a exposição in vivo de mercúrio pode induzir efeitos genotoxicos, foram 
avaliados os seguintes parâmetros: nível de ploidia, progressão do ciclo celular e danos 
no ADN. Para o efeito, sementes de ervilha foram germinadas em água destilada e 
crescidas em meio Hoagland’s modificado com concentrações crescentes de HgCl2
Após 14 dias de exposição, o crescimento das plantas foi medido e tecidos foram 
recolhidos para posterior análise. Em geral, o Hg afectou a maioria dos parâmetros 
medidos e as raízes foram mais afectadas do que a parte aérea. O crescimento foi 
severamente afectado nas plantas expostas a 100 µM. A avaliação do nível de ploidia 
revelou que para todos as concentrações testadas, o nível 2C não se alterou. A 
dinâmica do ciclo celular das raízes apresentou variações heterogéneas para as várias 
concentrações de Hg: em 1 µM houve um atraso na transição da fase S para G
 (0, 
1, 10 e 100 µM).  
2; com 10 
µM foi observada uma paragem na fase G0/G1
   
 e um decréscimo do índice de 
proliferação celular (IPC). A 100 µM, o número de células analisadas diminuiu 
significativamente, em comparação com as outras condições testadas mas o IPC e a 
dinâmica do ciclo celular das células sobreviventes apresentava valores semelhantes 
aos observados para 1 µM. A avaliação do dano no ADN revelou que a exposição de 100 
µM foi a que afectou mais as células, apresentando grande degradação do ADN, 
distorção nos núcleos, formação de micronucleos e um acentuado decréscimo no índice 
mitótico. Em conclusão, os resultados demonstram que o Hg afecta drasticamente os 
parâmetros estudados, causando paragens no ciclo celular e dano no ADN. Além disso e 
pela primeira vez, são apresentados resultados sobre a toxicidade do Hg em plantas, 
usando as técnicas: citometria de fluxo e ensaio de cometas. 
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The most exciting phrase to hear in science, the one that heralds the most discoveries, is not 
"Eureka!" but "That's funny..."   
Isaac Asimov 
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1. Heavy metal pollution: environmental issue 
 
Since its beginnings, agriculture had a major impact in humans, being the 
major force behind the passage from a hunter-gatherer/forager society to a 
sedentary one, becoming a crucial tool for human sustainability and the 
development of economics worldwide. However, the passage to a sedentary 
and ever developing society was accompanied by a drastic transformation of 
the environment and the inherent exposure to new risks caused directly or 
indirectly by those transformations (Shetty, 2006).  
One of the many new risks that might have affected those early societies 
was the continuous exposure to pollutants, namely heavy metals. The first 
cases of human exposure to heavy metals, besides the naturally occurring 
phenomena from Earth processes (e.g. volcanoes and rock constituents) were 
soon reinforced by the inadvertently discharge of these elements to the 
environment by human activities (e.g. from ore mining and smelting- Sparks, 
2005; Duruibe et al., 2007). Since then, and with the advent of the industrial 
revolution, heavy metal contamination has become an ever increasing concern 
(Dunagan et al., 2007; Zhang and Wong, 2007). Moreover, due to their stability 
and as they cannot be degraded, heavy metals tend to accumulate and be 
widespread in the environment (Gupta et al., 2004). For most heavy metals, 
contamination arises from industrial applications, mining, smelters, combustion 
of fuel and by-products. From these sources, contaminants can be present in 
the ecosystem as airborne particles, wastewaters and sludge (Farrell and 
Jones, 2009), polluting not only sites near the source but locations thousands of 
kilometers apart. 
Within the many occurrences of ecosystems pollution provoked by heavy 
metals it is difficult to forget the magnitude and reach of the Minamata disaster 
(1950); which caught the world unaware of the damage that long exposure to 
heavy metals can induce in organisms. Mercury (Hg) was the cause for the 
disaster and the subsequent associated diseases which caused, just from direct 
exposure, 2,265 casualties (Zahir et al, 2005). 
The uncontrolled release of highly polluting substances from mining 
wastes (e.g. cyanide, As, Hg and sulphurs) in the region of Oruro (Bolivia), 
Chapter I______________________________________________________________ 
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transformed a unique ecosystem in a desert. Nearly 53,000 inhabitants suffer 
from water pollution, the salinization and desertification of thousands of acres of 
land, disease and even human and livestock death (Selander and Svan, 2007). 
In the mid 80’s, water used to extinguish a major fire carrying 30 tons of a 
Hg containing fungicide was used in the Upper Rhine. The higher concentration 
of Hg killed a large amount of fish in an extension over 100 km (Giger, 2009).  
In 1998, a nature reserve in Spain was contaminated after the rupture of 
a dam, releasing sludge and contaminated wastewater. The wastewater 
entered the Guadiamar River, polluting the river with heavy metals such as 
cadmium, lead, zinc and copper. It affected an area of 4.634 hectares, 
contaminating 2.703 hectares with sludge and 1.931 with acidic water. Experts 
estimated that Europe's largest bird sanctuary, as well as Spain's agriculture 
and fisheries, would suffer permanent damage from the pollution that was 
accumulated in this ecosystems (DPPR / SEI / BARPI- Collapse of the dam of a 
tailings pond). 
Due to the critical risks associated by metal toxicity to human health and 
environment (Nriagu, 1988; McLaughlin et al., 1999), scientist have been 
studying the effects of heavy metals with more emphasis in the bioremediation/ 
chelation of the metal ions by organisms and the severe effects in humans.  
In plants in particular, phytoremediation studies focus in the way that 
plants behave when present in a contaminated ecosystem. Among the different 
models available to study heavy metal toxicity, plants present some unique 
features that make them interesting subjects for this type of assays. The most 
important of all is because plants and their derivates, like cereals, vegetables or 
fruits, constitute a big part of the human’s diet. Also, the inability to escape from 
contaminated sites makes plants vulnerable to the action of pollutants, like 
heavy metals (Nagajyoti et al., 2010). For this reason, plants were able to 
evolve mechanisms to handle exposure to toxicants, from the amount that is 
taken from the surroundings; to sequestration and inactivation in subcellular 
compartments (Sarret et al., 2006); to tolerating the deleterious effects of heavy 
metals. Baker, (1981) proposed the classification of plants, according to their 
capability to accumulate toxicants, in three categories: excluders, accumulators 
and indicators. The excluders are all of those that can grow in contaminated 
soils while maintaining the concentration of toxicants at low levels, when 
_____________________________________________________General Introduction 
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compared to the concentrations in the soil. The accumulators are those species 
that can survive despite concentrating contaminants at high doses in the aerial 
portion. Plants considered to be indicators can regulate the uptake and 
transport of the pollutant to the aerial part, being that the internal concentration 
is often similar to the one observed in the soils parent soil (Peralta-Videa et al., 
2009). 
Among the heavy metals that have been deemed of highest concern by 
the European Union, some have been the target of many investigations (e.g. 
Cd) while for others, the level of understanding about the mechanism and 
extent of their phytotoxicity  (e.g. Hg) is insufficient.  
The toxicity of metals and their compounds largely depends on their 
bioavailability, i.e. the mechanisms of uptake through cell membranes, 
intracellular distribution and binding to cellular macromolecules (Beyersmann 
and Hartwig, 2008). From the literature available, it is generally agreed that the 
mechanistic involving the toxicity of heavy metals is originated by a complex 
pattern of interactions between cellular macromolecules and the metal ions. The 
entrance of the metal in the cell can mobilize several metabolic and signal 
transduction pathways and genetic processes to neutralize the source of toxicity 
(Beyersmann and Hartwig, 2008). Although the relative toxicity of different 
metals to plants can vary with plant genotype and experimental conditions, most 
heavy metals act through one of the following: changes in the permeability of 
cell’s membrane; reactions of sulphydryl (–SH) groups with cations; affinity for 
reacting with phosphate groups and active groups of ADP or ATP; replacement 
of essential ions and oxidative stress (Patra et al., 2004; Patra and Sharma, 
2000). 
Therefore, considerable attention has been paid to understanding the 
structural, kinetic, and thermodynamic details of these interactions in a number 
of laboratories, as a key requirement for unraveling and discussing the 
mechanisms of action and physiological roles of metal ions in living systems.  
As Hg is easily modified in to several oxidation states, it can be spread in 
many ecosystems (Boening, 2000; Clarkson and Magos, 2006). These 
modifications can be resumed in two major cycles; one occurring in a global 
extent and involves the circulation of Hg as elemental Hg (H0) in the 
Chapter I______________________________________________________________ 
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atmosphere. The other, with a low range, depends on the intervention of 
organisms that can methylate the inorganic Hg in to organic Hg compounds, 
being the latter the most toxic for the living organisms (Boening, 2000). 
Due to the recurrence of Hg pollution and due to the lack of knowledge 
about the effects of this heavy metal in plants, it is urgent to evaluate and 
understand the extent of Hg-induced phytotoxicity. In the past, management 
and regulatory responses to the problem of bioaccumulation generally have 
been constrained by a lack of information on sources, methods of transport, 
chemical interaction, and biological significance of Hg in the environment. To 
comprehend the extent of the toxicity and the proprieties that makes this heavy 
metal so interesting to study, the following sections of the introduction will be 
dedicated to elucidate the reader about Hg, mainly, the inorganic form (Hg2+), 
that is the predominant form in agricultural soils and thus the one studied in this 
thesis. 
2. Chemical forms of Hg  
 
Among metals, Hg is unique in that it is found in the environment in 
several physical and chemical forms: e.g. elemental Hg (Hg0), inorganic Hg 
(Hg2+), associated with ions (HgS, HgCl2), mercurous chloride or calomel 
(Hg2Cl2) and organic Hg (e.g. CH3-Hg) (Zahir et al., 2005; Clarkson and Magos, 
2006; Clarkson et al., 2007) . 
Hg is a metal with singular proprieties when compared those of the 
others transition metal, being the only one that, at room conditions, exists in 
liquid form. It is a good electric conductor, being applied in many technological 
areas, such informatics, production of batteries and light bulbs. 
The high solubility in water and easiness of the transition to the gaseous 
phase (Clarkson and Magos, 2006) are two of the most important properties of 
this heavy metal. These proprieties explain the ability and effectiveness of Hg to 
move in several ecosystems and remain in the atmosphere for long periods and 
afterwards deposit in soil or water (Yang et al., 2008). 
Hg can form salts with oxygen, sulphur, chlorine and amalgams (alloys) 
with most metals, except iron and platinum. The inorganic forms of Hg can 
include the vapour Hg and the liquid form and mercuric Hg. The liquid is volatile 
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and releases a monoatomic gas usually referred to as Hg vapour. This species 
plays a key role in the global cycling of this heavy metal because it can exist as 
a cation with an oxidation state of 1+ (mercurous) or 2+ (mercuric) (Boening, 
2000; Clarkson and Magos, 2006). 
The first oxidation state (Hg+) is the mercurous Hg form, and it is 
encountered in the form of calomel and mercurous chloride (Hg2Cl2). Mercuric 
mercury (Hg2+) forms the divalent state of the Hg cycle and it is responsible for 
the formation of practically all the inorganic and organic form encountered in the 
environment and organisms. Hg2+ is a product of the metabolism of vapour Hg 
as well as, from the organic compounds of Hg. Due to these proprieties, this 
form plays a key role in the cycle of Hg and in the toxicology of this heavy metal 
in living organisms (Clarkson and Magos, 2006). High levels of this form have 
strong phytotoxic effects; when present in toxic concentrations can induce 
visible injuries and physiological disorders in plant cells triggering the production 
of ROS (reactive oxygen species) leading to cellular disruption. Mercuric Hg has 
high affinity for thiol groups, special for the anions R-S-. The easiness of the 
movement between thiol groups and in entering the cells is due to the high 
speed with which the reversible reactions between Hg’s ionic forms occur. 
When mercuric Hg is in the form of water soluble salts, as Hg chloride, it can be 
a highly potent poison. As a matter of fact, legends tell that the Chinese 
emperor Qin Shi Huang, the first to unify China, died after ingesting Hg pill 
concocted by his physicians in an attempt to obtain immortality.  
Studies regarding Hg toxicity are mostly from animals and humans, being 
known that it is linked to autoimmune diseases (Pheng et al., 2003). The toxicity 
of inorganic Hg forms (for example, HgCl2) is at least in part explained by the 
element’s great affinity for biomolecules containing sulfhydryl (SH) groups and 
by a lower affinity for carboxyl, amide, and amine groups (Iglesia-Turiño et al., 
2006). Inorganic Hg arrives to the ecosystems as the result of the Hg cycling, 
and in the presence of the right conditions Hg2+ can be transformed in organic 
Hg forms.  
 Some organisms, like bacteria or fungus can naturally modify the Hg 
available in the environment (Hg2+) by methylation of this ion, being the final 
product more dangerous and toxic (Boening, 2000; Clarkson and Magos, 2006; 
Zhang and Wong, 2007). The more common organic forms are methyl-Hg 
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(CH3-Hg+) and ethyl-Hg, which despite the chemical differences have similar 
proprieties. Methyl-Hg is the most toxic of the organo-compunds (Clarkson and 
Magos, 2006; Berzas Nevado et al., 2010). It is produced by biomethylation and 
is can be assimilated into trophic chains, mostly in the aquatic ones. The intact 
organomercurial cation is believed to be the toxic agent responsible for the 
damage provoked in cells; for instance, in humans, Hg can be modified to 
methyl-Hg that it is capable of causing damage to the nervous system, liver and 
ultimately cause death by multi-organ failure (Zalups, 2000).  
 
 
Fig1. The Biogeochemical cycle of Hg. Briefly, it starts with the evaporation of Hg from 
natural and anthropogenic sources, which is then oxidized to inorganic Hg. This element is 
spread by the rain and in the soil, can be transformed in to organic compounds by bacteria 
(taken from Hg.utah.gov). 
3. Ancient and modern applications of Hg 
 
Hg and its compounds have been exploited by mankind since ancient 
recorded civilizations. Hg have been extracted from mines for centuries; 
Almaden (Originated from the Arabic “the metal”) is one of the biggest mines in 
the world and it has been used to extract Hg since the Roman Empire to 
produce explosives (Clarkson and Magos, 2006). Egyptians used this heavy 
metal as a medicinal compound and in tombs, as a preservative. In medicine, 
mercurials use has been as vast as treatments for syphilis and various skin 
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disorders, to the antiseptic action of HgCl2, to treat diuretic and 
chemotherapeutic problems. Hg components were also employed to produce 
high quality hats: Hg nitrate was used to treat the fur to make the hats. 
Incidentally, a condition called the mad Hatter’s disease, whose name was 
probably inspired by the character from Lewis Carroll’s “Alice in Wonderland”, 
consists in Hg-induced insanity.     
Since the industrialization era, Hg has been used as a compound of 
electric equipment, batteries and explosives. It has also been used in medicine, 
cosmetics and for agricultural purposes (Patra and Sharma, 2000). Activities 
like the smelting of copper and lead and the extraction of precious metals (e.g. 
gold and silver) contribute with a high percentage of the Hg pollution of aquatic 
systems (Cargnelutti et al., 2006). The burning of fossil fuels, the chloralkali 
industries, production of electric equipment and paint are the largest consumers 
of Hg (Lenka et al., 1992; Patra and Sharma, 2000).  
All of these anthropogenic activities promote an accumulation of this 
heavy metal in terrestrial and aquatic ecosystems, which can persist in these 
locations and in the living organism for over 100 years after the source of 
pollution has closed (Lenka et al., 1992; Clarkson and Magos, 2006). 
It is understandable that Hg and its compounds present a big dilemma to 
those interested in making use of its many proprieties. If on the one hand, Hg 
has great and useful advantages, on the other, we have its great toxicity and 
mobility combined to its persistence in the ecosystem. 
 4. Uptake of Hg by plants 
 
Contamination of soils by Hg is often due to the addition of this heavy 
metal as part of fertilizers, lime, sludges and manures. The dynamics between 
the amount of Hg that exist in the soil and its uptake by plants is not linear and 
depends of several variables (e.g. cation-exchange capacity, soil pH, soil 
aeration and plant species). The uptake can be reduced when the soil’s pH is 
high and/or there is an abundance of lime and salts (Patra and Sharma, 2000; 
Patra et al., 2004). 
Another factor affecting the level of accumulation of Hg is the species 
and the variety (McGrath et al., 2001); being that at least 45 plant families are 
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known to include metal-accumulating species (Reeves and Baker, 2000). Most 
of the plants that uptake Hg tend to accumulate it on the roots (Lenka et al., 
1992); and some are even able to accumulate moderate amounts in the shoots 
(Dushenkov et al., 1995; Kumar et al., 1995) either due to translocation or direct 
absorption of the vapour form. The work done by Suszcynsky and Shann, 
(1995) showed that plants exposed to Hg0 can uptake and accumulate it in 
shoots but there is no translocation to the roots.  
Toxic metal ions are thought to enter plant cells by the same uptake 
process as micronutrients, competing with these elements for absorption. Hg, 
which is a class B metal (Nagajyoti et al., 2010), preferentially binds with 
sulphur- and nitrogen-ligands, and is thought to enter the cell through ionic 
channels competing with other heavy metals like Cadmium, or essential metals 
like zinc, copper and iron (Blazka and Shaikh, 1992). Despite of these, this 
information concerns animal cells and the authors believed that the uptake of 
Hg can occurs via other processes that still remain unclear.  
5. Hg-induced phytotoxicity 
 
General effects 
The interaction between Hg and plant systems is of particular importance 
due to the high employment in seed disinfectants, fertilizers and herbicides 
(Cavallini et al., 1999). Ross and Stewart, (1962) showed that some Hg 
compounds used on tree foliage as fungicides can be translocated and 
redistributed in plants. 
At the cellular level, the possible mechanisms that heavy metals can 
damage comprise the blocking of important molecules (e.g. enzymes and 
polynucleotides), the transport of essential ions, displacement or substitution of 
metal ions from molecules (such as Mg from chlorophyll), denaturing or 
inactivation of proteins and disruption of cell membranes or organelles (Patra et 
al., 2004). Relatively to Hg, the possible mechanisms of its phytotoxicity can be 
through the change of the permeability of cells membrane, high affinity to react 
with the sulphydryl (SH) groups, affinity for reacting with phosphate groups and 
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the replacement of essential ions and its ability to disrupt functions involving 
critical or non-protected proteins (Patra and Sharma, 2000; Patra et al., 2004).  
The necessity of survival and the maintenance of the species depend on 
trace metal ions that have a major role in the propagation of the genetic 
information. However, when in wrong conditions, those same metals, like Hg, 
can induce phytotoxicity, measuring the enzymes of oxidative stress:  
modulation of the non-enzymatic antioxidants [glutathione (GSH) and non-
protein thiols (NPSH)] and the enzymatic antioxidants: superoxide dismutase 
(SOD), ascorbate peroxidase (APX) and glutathione reductase (GR) (Ortega-
Villasante et al., 2005; Israr et al., 2006) and genotoxicity (Sparks, 2005).  
Many forms of Hg have been related to seed injuries and reducing seed 
viability. When Hg interact with the SH groups to form the S-Hg-S bridge, this 
disruption of the stability of this group can affect seed germination and embryo 
development (tissues rich in SH ligands). Hg chloride applied in primary roots of 
Zea mays reduced the elongation and inhibited the gravimetric response of the 
seedlings (Pilet and Versel, 1981). With increasing concentration of this heavy 
metal, the respiration rates of seedling declined, as did the total nitrogen 
content, total sugars and DNA and RNA in embryos of Vigna radiate . 
Exposure to Hg can also reduce photosynthesis, transpiration rate, water 
uptake and chlorophyll synthesis. Both organic and inorganic Hg has been 
shown to cause loss of K, Mg and Mn and accumulation of Fe (Boening, 2000). 
These decreases explain the changes in the permeability of cell membrane and 
compromise its integrity. Hg2+ is one of the forms of Hg that can affect the 
plasma membrane and might explain the toxicity provoked in the aerial part of 
plants; however some authors believe that is the damage in the roots that 
explain the toxicity observed in shoots.  
 
  Genotoxicity 
Studies considering Hg’s genotoxicity are scarce and the cellular and 
molecular mechanistic involving the toxicity of this metal are practically 
unknown, although, it has been demonstrated that this heavy metal can 
introduce deleterious error in crop plants.  
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Inside the cells, Hg ions tend to form covalent bonds, because of their 
easily deformable outer electron shells. A number of potentially reactive sites for 
Hg bonding are present in DNA, depending on external conditions such as ionic 
strength, presence of different competing ions, and base composition (Patra et 
al., 2004).  
The effects of Hg’s forms depend of the concentration and time of 
exposure to plants, with very marked effects in S-phase, when considering the 
clastogenicity provoked (Patra et al., 2004). 
The binding of Hg to DNA results in potential toxic effects: chronic intake 
of methyl-Hg2+ at subtoxic levels results in chromosomal damage in humans, 
presumably due to its direct interaction with DNA (Zahir et al., 2005). In plants, it 
has been demonstrated that low doses of Hg can induce c-mitosis; sister 
chromatid exchanges, chromosomal aberrations and spindle alterations (Patra 
et al., 2004).  
Despite that the interaction of metal ions with the sulfur atoms of 
nucleosides and amino acids bearing the thiol group has provided the dominant 
mechanism for explaining Hg’s toxicity, certain effects (e.g., mutagenic effects) 
cannot be totally explained by this process. Ribose/ribophosphate groups and 
purine/pyrimidine bases present several N and O atoms, which might be 
potential binding sites for Hg. The ligation of Hg to nucleobases can induce to 
nucleobase impairing; this phenomenon has been suggested as being relevant 
to the mutagenic potential of Hg’s. By this way, Hg can induce alteration on the 
aminoacid sequences of proteins to be synthesized (Zalups, 2000). 
Despite of all these, there still plenty of unknown aspects regarding Hg’s 
genotoxicity, namely the mechanistic, target and extent of its effects in plants.  
 6. Pisum sativum as model species 
 
Pisum sativum L. (Pea) is a dicotyledon belonging to the Fabaceae 
family which is highly distributed in the world. These plants have an annual life-
cycle and are self pollinators, producing a pod that contains the fruits (Siddiqui 
et al., 2009). One of the most significant traits of this family is their ability to form 
symbiosis with bacteria from the Rhyzobium genus, allowing them to perform 
nitrogen fixation. This has huge ecological impacts, as these plants make the 
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fixed nitrogen available to other organism; making them a good “green fertilizer” 
as well as an excellent source of protein and nutrients for livestock and humans 
(Schroeder et al., 1993). Probably due to these facts, it is one of the most 
ancient crop plants in the world, been used since at least 4800-4400 BC. 
Nowadays, it is worldwide grown crop, which thrives in temperate regions or in 
cool seasons, representing one of the most important food crops (Jezierny et 
al., 2010) with a high social and economic importance. Besides, this plant grows 
easily in greenhouses, which allows toxicity assays for short periods of time and 
it is a well know specie at genetic level. Moreover, it has been proved by 
Rodriguez et al (2011) that is good model specie to perform many biology 
studies (e.g. flow cytometric analysis, plant toxicity). 
7. Methodologies 
 
 
The Chapter II focuses in the evaluation of the genotoxicity induced by 
Hg in P. sativum. For this, a battery of techniques which are able to provide 
reliable results about the extent of the toxicity were applied. Below it will be 
highlighted the main characteristics of the most important techniques that were 
used: 
The cell cycle progression and cell proliferation were assessed by flow 
cytometry (FCM) and the mitotic index (MI). FCM is a rapid, sensible and 
powerful technique that can provide multiparametric data of each of the cells 
analyzed (e.g. DNA content variation, volume and granularity of the cells, cell 
cycle dynamics and DNA damage). 
This technique was, firstly, developed to analyze and count blood cell 
cultures (Shapiro, 2004). It was also proved to be successful in the study of 
breakages in chromosomes to measure the genetic damage at cellular level 
caused by clastogenic agents (Otto and Oldiges, 1980) and detection of cell 
cycle arrest in animal cells exposed to Hg (McCabe et al., 1999). 
The development of the equipments and markers allowed expanding its 
applications to other areas of science, such as plant biology. Many reports have 
demonstrated the sensitivity of this technique, namely in detecting variations in 
DNA content as low as 1% (Pfosser et al., 1995); measurement of the 
clastogenic and genotoxic effects in maize exposed to coal fly ash (McMurphy 
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and Rayburn, 1993) and pea exposed to Cr(VI) (Rodriguez et al, 2011). 
Rayburn and Wetzel, (2002) were able to detect an increase of the CV values in 
the G0/G1 peak in plants exposed to Al and correlate this with abnormalities in 
mitosis; Carballo et al., (2006) detected a cell cycle arrest in Allium cepa 
exposed to X-ray radiation; Citterio et al., (2003) demonstrated that it was 
possible to detect decrease of DNA index in Trifolium repens exposed to 
chromium and cadmium. More recently, Monteiro et al., (2010) was able to use 
the FPCV (full peak coefficient value) value as an indicator of clastogenicity for 
plants exposed to cadmium while Rodriguez et al., (2011) detected chromium 
induced mixoploidization, cell cycle arrest and DNA damage in pea plants. 
The comet assay is a versatile and sensitive technique for the measure 
of single and double strand breaks in DNA (Collins et al., 2008). This technique 
is very appellative because of the easiness of sample preparation and analysis 
and also due to the degree of information it provides. Moreover, this technique 
only requires a comparative small number of cells to provide reliable data 
regarding the clastogenicity of toxic compounds (Hattab et al., 2009). 
This technique has been successful employed to study both animal and 
plant cells. In animals, (Ben-Ozer et al., 2000) exposed cells to Hg and using 
the tail length of the comets evaluated the clastogenic effects of this toxicant. 
The comet assay have also been used to study DNA damage in plant 
cells: Gichner et al., (2008) and Rodriguez et al., (2011) studied the effects of 
lead and chromium in tobacco and pea plants, respectively, demonstrating that 
the comet assay is a suitable technique for the study of the clastogenic impact 
by heavy metals. 
To analyze the extent of Hg toxicity the mitotic index (MI) and micronuclei 
(MNC) formation were also tested. Micronuclei are small fractions of 
chromosomes or whole chromosomes which are enable to migrate with the 
chromosomes during the anaphase of cell division (Manier et al., 2009). 
These techniques are complementary to FCM and the comet assay, 
allowing performing a better characterization of Hg toxicity.     
Manier et al., (2009) was able to demonstrate, by using Vicia faba and T. 
repens, that heavy metal could induce micronuclei formation and that the 
sensitivity to this type of aberration is dependent on the species and toxicant 
tested. Also, Siddiqui et al., (2009) used the MI and micronuclei formation to 
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evaluate cadmium toxicity, being proved that these techniques are very helpful 
to understand the genotoxic behavior of heavy metals. 
8. Objectives 
 
Heavy metal toxicity is an environmental and health concern that requires 
constant observation and a precise evaluation. Plants are the basis of the food 
chain (primary producers) and they are of extremely importance for animals and 
to society. Because they are sessile in nature, they are more exposed to 
environmental pollution and stress, but also because of this, some have evolved 
a series of mechanisms that make them tolerant to the deleterious effects, at 
least at some extent. 
Being this, the objective of this thesis is to comprehend and evaluate the 
extent of Hg induced genotoxicity in plants. For this, Pisum sativum L., an 
economically important crop which is also often used as a model in toxicology 
studies, was exposed to different concentrations of Hg and the following 
biological questions were addressed: 
 
 
 Does Hg2+ affect cell cycle progression and if so, how is this processed? 
 
 Which is the extent of Hg2+-induced DNA damage in plants? 
 
 Is there any correlation among the endpoints accessed and are the 
parameters tested suitable as biomarkers of plant genotoxicity? 
 
 
The findings regarding these issues are presented in detail in chapter II 
and the following techniques were used to answer these questions: 
 
The cell cycle dynamics was evaluated by FCM and with the 
assessment of the Mitotic Index (MI). The extent and type of Hg-induced 
DNA damage was characterized by using the comet assay, FCM and 
also detecting micronuclei (MNC) formation. 
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In the final chapter of the dissertation, chapter III, are presented the main 
conclusions as well as the future perspectives in Hg-genotoxicity studies. 
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1. Abstract 
 
To determine the extent of Hg-induced genotoxicity in plants, pea plants 
were exposed to different HgCl2 concentrations: 0, 1, 10 and 100 µM. In 
general, roots were more affected than shoots but both presented growth 
impairment when exposed to 100 µM. While the ploidy remained unaltered, the 
cell cycle dynamics significantly changed: 1 µM caused a delay in the S-to-G2 
transition; 10 µM caused arrest at the G0/G1 checkpoint and decrease of cell 
proliferation index (CPI). At 100 µM, the number of intact nuclei analyzed 
decreased but the CPI and cell cycle dynamics recovered to the value 
presented by 1 µM. Roots exposed to 100 µM presented severe DNA 
degradation, micronuclei formation and an accentuated decrease in the Mitotic 
Index. In conclusion, our results demonstrate that Hg affected the parameters 
assessed and this contribution of innovative information about Hg genotoxicity 
in plants allows better comprehending the dangers of Hg contamination. 
 
 
Keywords: Cell Cycle, Comet assay, Genotoxicity, Hg, Micronuclei, 
Mitotic index, Pisum sativum.   
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2. Introduction 
 
 
Heavy metal pollution has become a major environmental problem due to 
their negative impact and persistence in ecosystems (Iglesia-Turiño et al., 2006; 
Rellan-Alvarez et al., 2006). From the most common heavy metals, Mercury 
(Hg) is one of the most hazardous (Zhang and Wong, 2007) and even though it 
can be originated by natural processes, anthropogenic activities (e.g. ore 
smelting, electric equipment production, wood pulp manufacturing and 
agricultural purpose fungicide) are the most important sources of Hg pollution 
(Boening, 2000; Zhang and Wong, 2007; Berzas Nevado et al., 2010). The 
increasing pollution of agricultural soils throughout the world (McGrath et al., 
2001) poses a serious threat of ingestion of contaminated food and agricultural 
goods (Peralta-Videa et al., 2009). Plants can be contaminated by Hg because 
this heavy metal can replace/compete with some micronutrients or bonding with 
sulphur- or nitrogen-rich ligands (Zalups, 2000). Once inside the cells, Hg can 
induce morphologic and physiologic changes (e.g. Patra and Sharma, 2000; 
Chaudhry, 2005; Ortega-Villasante et al., 2005; Cargnelutti et al., 2006; Israr et 
al., 2006) and when present in excess, it can interact with DNA, producing 
alterations in chromosome structure and number (Onyido et al., 2004; Patra et 
al., 2004;). The maintenance of genomic material integrity is of vital importance, 
not only because damage to the DNA can seriously affect survival but also 
because plants produce their gametes from successive somatic divisions (lack 
of a dedicated germline) and accumulation of DNA damage could lead to 
disastrous consequences to the progeny (Singh et al., 2008).  
Thus, the evaluation of Hg genotoxicity is a subject of extreme 
importance due the high risk of exposure and severe toxicity of this metal. 
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Because Hg is inadvertently added to soils and aquatic systems (Greger et al., 
2005), the European Union (EU) produced a very strict legislation regarding the 
maximum admitted levels of Hg in water and soils. For instance, the maximum 
Hg admitted level in agricultural purpose water is 1 μg/l; for compost, the limit 
values vary within different countries ranging from 0.4 to 10 mg/kg; for waste 
sludges, limits can be as high as 16 mg/kg (Annex2 from the heavy metals and 
organic compounds from wastes, 2004). Unfortunately, the levels of Hg 
pollution detected in the environment can be significantly higher than: in soils 
concentrations of 8.91 ppm were observed in kitchen gardens near heavily 
polluted sites, while near a Chloralkali industries, the concentration of this heavy 
metal went up to 557 mg/kg (Lenka et al., 1992).  
To assess the genotoxicity provoked by Hg, robust and accurate 
techniques should be applied. Flow cytometry (FCM) is a technique which 
allows performing rapid and highly accurate multiparametric assays. FCM has 
been used to detect Hg-induced arrest at the G0/G1 checkpoint in lymphoma cell 
lines (McCabe et al., 1999). In plants, FCM was used to demonstrate Cr-
induced polyploidization in pea (Rodriguez et al., 2011b) and clastogenic 
damage induced by Al (Rayburn and Wetzel, 2002) and Cd (Monteiro et al., 
2010). 
To evaluate the level of DNA degradation, we used a very sensible 
technique that can detect double and one strand lesions on DNA (Collins et al., 
2008), the Comet assay. Moreover, this technique requires low numbers of cells 
to obtain reliable and robust results, being for this reason a methodology 
extensively used for the detection and evaluation of the damaged caused by 
toxicants. This assay has been successfully applied to evaluate heavy metal 
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toxicity in plants e.g. (Rodriguez et al., 2011b), detecting damage even in plants 
exposed to low dosages or short periods. 
Plant root meristems are actively proliferating and sensitive to the effects 
caused by pollutants or stress, being a good source for cytological studies, like 
chromosome aberration and micronuclei assay. Micronuclei (MNC) are vesicles 
composed by fragments or entire chromosomes that break during anaphase 
migration (Schuler et al., 1997).   
 The aim of this work was to characterize the genotoxicity of Hg in Pisum 
sativum L. (Pea), an important crop species for animal and human nutrition 
(Zong et al., 2009), which is also widely used as a model in toxicological 
approaches (Souguir et al., 2008; Rodriguez et al., 2011a; Rodriguez et al., 
2011b). In order to accomplish this, three concentrations of Hg chloride were 
administrated. The concentrations selection was based on levels that may be 
encountered in the environment near e.g. Chloralki industries or ore mining 
sites (mainly gold mines). Leaves and roots of the plants exposed were 
collected and the cell cycle dynamics, ploidy level, DNA damage and 
chromosomal alterations were evaluated. This information provides a better 
perception on Hg-induced genotoxic effects and could be very valuable to 
characterize the mechanism of action of this heavy metal in plants. 
3. Material and Methods 
 
 
Plant material, growth conditions and treatments  
Seeds were surface-sterilized by treatment with 70% ethanol for 2 
minutes and ammonia hypochlorite for 8 minutes, rinsed with distilled water and 
germinated in Petri dishes covered with soaked filter paper for 3 days in the 
Hg-induced genotoxic effects in Pisum sativum: cell cycle arrest, DNA 
__________________________________________degradation and cell death 
37 
 
dark. The germinated seeds were grown in hydroponic culture, containing 1000 
ml of Hoagland's nutrient solution. Hg was added as HgCl2 at the following 
concentrations: 1, 10 and 100 µM. Plants were cultivated for 14 days (14 day 
exposed to Hg) with a day/night cycle of 16/8h at 21ºC, under light intensity of 
200 µmol m-2 s-1. Nutrient solution was constantly aerated and replaced twice a 
week during the experience (Monteiro et al., 2010). Prior to harvest for further 
analysis, tissues were thoroughly rinsed in water, washed for 10 min in 0.5 mM 
CaSO4 to remove (by cation exchange) Hg adsorbed and rinsed again with 
distilled water. Two independent experiments were performed to ensure the 
reliability and statistical robustness. 
  Hg content analysis 
The length and fresh weight of both tissues was measured at harvest and 
three individuals per condition where then lyophilized for further analysis. 
Afterward, tissues were measured in AMA 254 Hg Analyzer using TORT-2 
(0.27±0.06) and Peach Leaf (0.031±0.007) as internal references and three 
replicates for each individual were measured (Száková et al., 2004). In plants 
treated with 10 and 100 µM it was necessary to digest the tissue in 4M HNO3 
for 5-6h at 40ºC prior to analysis. For these analyses, reference materials were 
also digested to confirm the quality of the measurement.  
  Cell cycle and DNA damage evaluation by FCM 
Nuclei suspensions were prepared using roots and leaves from 5 
individuals per condition, as described by Rodriguez et al., (2011b). One 
millilitre of nuclei suspension was recovered and filtered through a 50 µm nylon 
filter to remove debris. Nuclei were stained with 50 mg mL-1 propidium iodide 
(PI) (Fluka, Buchs, Switzerland), and 50 mg mL-1 RNase (Sigma, St Louis, MO, 
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USA) was added to the nuclear suspension to prevent staining of double-
stranded RNA. Samples were incubated on ice and analyzed within 10 minute 
in a Coulter EPICS XL flow cytometer (Coulter Electronics, Hialeah, FL, USA) 
equipped with an air-cooled argon-ion laser tuned at 15 mW and operating at 
488 nm. Fluorescence was collected through a 645-nm dichroic long-pass filter 
and a 620-nm band-pass filter. The results were acquired using the SYSTEM II 
software version 3_0 (Coulter Electronics). Prior to analysis, the instrument was 
checked for linearity with fluorescent beads (Coulter Electronics), and the 
amplification settings were kept constant throughout the experiment. The 
following parameters were evaluated in each sample: forward light scatter (FS, 
to estimate relative size/volume of nuclei), side light scatter (SS, to estimate 
relative optical complexity/granularity), relative fluorescence intensity of PI-
stained nuclei (FL) and the full peak coefficient of variation (FPCV) of the G0/G1 
peak (to estimate nuclei integrity and variation in DNA staining).  
  Comet assay 
After 14 days of exposure, roots and leaves of three individual were 
placed in a Petri dish kept on ice and spread with 300 μl of cold 0.4 M Tris 
buffer, pH 7.5, like described by Gichner et al., (2008a) and modified for the 
specie used. Using a new razor blade, roots and shoots were gently sliced. The 
plate was kept tilted so that the isolated nuclei were collect in the buffer. 
Regular microscope slides were dipped into a solution of 1% (w/v) NMP 
(Normal Melting Point) agarose prepared with water at 50°C, dried overnight at 
room temperature and kept dry until use. Onto each slide, the nuclear 
suspension (50μl) and 1% LMP (low melting point) agarose (50μl) prepared with 
saline phosphate buffer were added at 40°C. The cells and the LMP agarose 
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were gently mixed by repeated pipetting using a cut micropipette tip and a 
coverslip was placed on the mixture. The slide was cooled in a steel tray on ice 
for a minimum of 5 min, then the coverslip was removed, and a final layer of 
0.5% LMP agarose (100μl) was placed on the slide, which was covered again 
with a coverslip. The slides were placed in a horizontal gel electrophoresis tank 
containing an electrophoresis buffer (1 mM Na2EDTA and 300 mM NaOH, pH > 
13). The cells were incubated prior to electrophoresis (26 V; 300 mA) at 4°C. 
After electrophoresis, the slides were rinsed three times with 400 mM Tris 
buffer, pH 7.5, stained with 80 μl ethidium bromide for 5 min, dipped in ice-cold 
water to remove the excess stain and covered with a coverslip. For each slide 
(3 slides per condition, each slide from different individuals), 25 randomly 
chosen cells were analyzed using a fluorescence microscope with an excitation 
filter. A computerized image-analysis system Eclipse 80i fluorescence 
microscope Nikon Corporation, Nikon Instech Co., Kanagawa, Japan) was 
employed. From the repeated experiments, the averaged median tail moment 
value (TM) and the percentage of tail DNA (TD) were calculated using CASP 
v1.2.2 software.  
  Mitotic Index (MI) and Micronuclei (MNC) assay  
Root tips (meristem zones) were cut and stored in the Carnoy fixation 
solution containing ethanol and glacial acetic acid (1:1) at 4°C. Root tips were 
rinsed with distilled water and hydrolysed with 1 N HCl for 8 min at 70 ºC. The 
root cap was removed before squashing the tissues and samples were stained 
with orcein. The slides were examined under a microscope and the MI was 
estimated using the number of cells in division per 1000 of cell analyzed.  
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For MNC detection, fixated roots were sliced until we had a cell 
monolayer and stained with Propidium Iodide (PI) for 5 minutes at room 
temperature. At least three slides were stained per replica and 1000 cells were 
scored from each slide. A computerized image-analysis system Eclipse 80i 
fluorescence microscope Nikon Corporation, Nikon Instech Co., Kanagawa, 
Japan) was used to visualize the slides.  
  Statistical analysis 
Statistical significance of treatments was assessed by One-Way ANOVA 
with a post-hoc Holm-Sidak multiple comparison test, using SigmaStat 3.5 for 
WINDOWS (SPSS Inc., Chicago, IL, USA). Pearson’s correlation was 
performed using SigmaPlot for Windows ver. 11.0 (Systat Software Inc). 
4. Results 
 
Effects of Hg treatment on morphology and plant development 
Plant growth was inhibited by addition of Hg, as reflected by the general 
trend of decrease in plant size with increasing metal concentrations (Fig 2).  
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Fig 2. Shoots and roots growth (in cm) after 14 days of exposure to Hg. Values are 
given as mean ± SD of 20 individuals. (*) significantly different from control (p ≤ 0.05) 
 
Despite of this, statistical analysis demonstrated that the differences 
observed among control, 1 and 10 µM were not statistically significant (p > 
0.05). On the other hand, plants exposed to 100 µM suffered significant growth 
impairment when compared to control plants (p ≤ 0.001) (Fig. 3).  
Shoots from plants exposed to 100 µM Hg presented an average growth 
inhibition of 55% (reduction from 37.0 ± 1.08 cm observed in control to 16.7 ± 
2.65 cm in treated plants) (Fig. 3a). For roots, the highest difference in growth 
was of 82%, with control roots measuring 18.2 ± 2.85 cm while roots exposed to 
100 µM had only 3.2 ± 0.70 cm (Fig 3b).  
In what concern the aspect of the plants, symptoms of Hg induced 
toxicity were only observed in plants exposed to 100 µM. 
In leaves, symptoms were: a reduction of leaf area and the emergence of 
necrotic/chlorotic spots; roots of these plants acquired a darker coloration and 
the number of lateral roots was significantly lower. Furthermore, some seedlings 
were not able to develop fully when transferred to the Hg solution; the roots did 
not expand and the apical portion only grew for a couple of days, after which 
20% of total seedlings died (10 out of 50).  
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Fig 3. Growth impairment in shoots and roots after 14 days of exposure to Hg: a) 
Shoots of Control and 100 µM, b) Roots of Control and 100 µM. 
 
Hg accumulation in P. sativum tissues  
The quantification of Hg accumulated by plants revealed that, except for 
control, the roots presented significantly higher levels of Hg than leaves of the 
same plant (Table 1). Values for Hg accumulation ranged from 21.43 ± 4.39 
ppm of dry matter (control) to 142.17 ± 63.13 ppm of dry weight (100 µM) for 
leaves. In roots, heavy metal levels varied from 4.73 ± 1.25 ppm per dry weight 
to 26143.50 ± 2731.72 ppm per dry weight for tissues exposed to control and 
100 µM, respectively. Moreover, statistical analysis revealed that 1 µM (40.18 ± 
6.14), 10 µM (306.34 ± 22.6) and 100 µM (26143.50 ± 2731.72) were 
significantly different (p < 0.001) from non-treated plants (4.73 ± 1.25), 
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responding in a dose- dependent manner. Stems showed trace amounts of Hg 
(data not shown).  
 
Table 1. Hg content in roots and leaves exposed for 14 days to given concentration 
(µM). Results are given as mean ± SD of 3 replicates per condition. (*) significantly different 
from control (p ≤ 0.05) 
 
 
 
FCM analysis 
The analysis performed by FCM with nuclei extracted from leaves and 
roots showed that the only ploidy level present was 2C; Hg did not cause 
significant variation in this parameter (p > 0.05), i.e. no euploid or aneuploid 
situations were observed. The FL histogram for controls leaves displayed a 
main peak, corresponding to nuclei at G0/G1 with 75.9% of the events, a smaller 
peak corresponding to G2 with 13.5% of the events and an S phase with 10.6% 
of the total events. The FL histogram of control roots presented a small peak for 
G0/G1 with 30.2% of the events, a main peak corresponding to nuclei in G2 
(53.3% of the events) and 16.5% of the nuclei analyzed were on S phase (Fig. 
4). 
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Fig 4. Cell cycle dynamics of roots exposed to Hg. Values are given are means % of 
cells in each of the cell cycle phases of 5 individuals per condition. (*) significantly different from 
control (p ≤ 0.05); (**) significantly different from control (p ≤ 0.001). 
 
The coefficient of variation (CV) of the G0/G1 is used as the measurement 
of quality of FCM analysis and should be provided with all analyses. Control 
plants presented CV of 1.96 ± 0.26 and 1.62 ± 0.14, leaves and roots 
respectively while the highest values was observed in roots exposed to 10 µM, 
with 2.25 ± 0.26 (table 2). 
Plants exposed to Hg suffered significant increases in the full peak 
coefficient of variation (FPCV) of the G0/G1 peak. While no significant 
differences were observed in leaves exposed to Hg (p > 0.05), roots exposed to 
100 µM presented a significant increase (p ≤ 0.001) of 2 fold in respect to 
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control roots. However, in plants exposed to 100 µM, to run at least 3000 nuclei, 
3-fold more root apices were needed, in comparison with the other conditions. 
 
Table 2. Coefficient of variation (CV) and full peak coefficient of variation (FPCV) of 
roots and leaves of plants exposed to Cr. Values are given as mean ± SD of 5 individuals. (*) 
significantly different from control (p ≤ 0.001) 
 
 Hg 
[µM] 
CV SD FPCV SD 
Le
av
es
 0 1.96 0.26 3.16 0.57 
1 1.795 0.31 3.23 0.37 
10 1.64 0.27 2.82 0.16 
100 1.68 0.13 3.37 0.44 
R
oo
ts
 
0 1.62 0.15 3.50 0.41 
1 1.96 0.21 4.14 0.70 
10 2.25 0.27 3.77 0.58 
100 2.10 0.38 6.16 * 0.93 
 
 
Cell cycle dynamics were also evaluated to assess cytostatic effects. In 
roots, exposure to 10 µM of Hg caused a significant blockage of the pre-mitotic 
phase G0/G1 (41.0% in respect to control), 11% higher than control (p ≤ 0.05). 
Cell proliferation index was calculated for this concentration and presented a 
significant decrease of 15% (p ≤ 0.001) when compared to all other conditions.   
Roots treated with 1 µM presented a significant increase in S phase of 2 
fold in respect to control (p ≤ 0.001); this was accompanied by a significant 
decrease of the G2 in respect to control (33% lower). For 100 µM, the cell cycle 
dynamics presented a similar profile to 1 µM, with 26.5% of the total cells in S 
phase and 41.4% at G2. 
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In leaves, the profile of cell cycle progression showed little variation 
among the conditions assayed (p > 0.05) (data not shown).  
 
 
Fig 5. FS and SS of: a) leaves and b) roots exposed to given Hg concentrations. Values 
are given as mean ± SD of 5 individuals. TM values are given in arbitrary units (right axis).  (*) 
significantly different from control (p ≤ 0.001) (**) significantly different from control (p ≤ 0.05) 
 
The analysis of the FS and SS showed that Hg induced significant 
variation in these parameters. Control roots presented FS and SS mean values 
5.69 ± 1.65 and 4.73 ± 2.60, respectively while the higher mean values were 
observed in roots exposed to 100 µM (22.08 ± 2.29 for FS and 47.16 ± 9.26 for 
SS) (p ≤ 0.001).  
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In leaves, Hg induced a significant decrease in the FS of nuclei exposed 
to any of the treatments, in respect to control ranging from of 4.98 ± 0.17 in 
control to 2.31 ± 0.29 in leaves exposed to 10 µM. The SS leaves nuclei was 
also affected by Hg exposure but to a lesser extent than the FS; only leaves 
exposed to 10 µM were significantly different from control (p ≤ 0.05), displaying 
an increase of 2.5 times in respect to control (Fig. 5). 
The FPCV can be used to detect clastogenic damage and revealed that 
while Hg treatment did not cause significant variation in this biomarker for 
leaves, roots exposed to 100 µM suffered an increase of 43% in respect to 
control (p ≤ 0.001).  
COMET assay 
The TM and TD were used as biomarkers to detect DNA damage by 
Comet assay in both roots and leaves of plants exposed to Hg.  
 
 
Fig 6. % of Tail DNA and TM of roots exposed to given Hg concentrations. Values are 
given as mean ± SE of at least 3 replicates with at least 75 nuclei per replicate. TM values are 
given in arbitrary units (right axis).  (*) significantly different from control (p ≤ 0.05) 
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Analysis of nuclei extracted from leaves did not show significant 
differences among any of the conditions tested (data not shown); roots, on the 
other hand, showed significant differences (p ≤ 0.05) (Fig. 6). 
Exposure to Hg induced a dose-related increase in both endpoints, but 
only at the maximum dose were the differences to control statistically significant 
(p ≤ 0.05; Fig. 7), corresponding to an increase of 22 fold in TM and 80% more 
TD, in respect to control.  
Mitotic Index and Micronucleus formation  
 
 
 
Fig 7. Comet assay representative images of nuclei extracted from roots: a) control, b) 1 
µM, c) 10 µM and d) 100 µM. Comet assay images of nuclei extracted from 100 µM: e) 
aggregates of genetic material and f) apoptotic cell. 
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The cell division frequency determined in the form of MI is displayed in 
Fig 8. It can be observed that the decrease of mitotic events correlated with the 
increase of Hg. Plants exposed to 10 and 100 µM showed a significant 
difference from control (p ≤ 0.05), with a decrease of 3 and 5 fold, respectively. 
As for MNC, 100 µM was the only condition inducing the formation of 
MNC, with an average rate of 4 MNC per 1000 cells (Fig 9). 
 
Fig 8. Number of Mitotic cells (MC) per 1000 cells counted with Orcein Acetic method. 
(*) significantly different from control (p ≤ 0.05) 
 
 
Fig 9. Number of micronuclei (MNC) per 1000 cells counted with PI method. (*) 
significantly different from control (p ≤ 0.05) 
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5. Discussion 
 
Pea plants presented a decrease in root growth of 82% when exposed to 
100 µM (aprox. 30 ppm). Chaudhry, (2005) used the same period of time (15 
days) and tested 100 and 200 ppm of Hg and demonstrated that pea plants 
suffered inhibition of root growth between 23 and 50%, in soil. This data 
suggest the existence of pea varieties differences and/or that Hg is more 
available for uptake in hydropony than in soil, causing more harmful effects. 
Those authors did not present results regarding the effects of Hg in shoots, 
while we observed a shoot growth inhibition of up to 55%. This reduction is in 
agreement with the explanation given by Patra et al., (2004), which stated that 
Hg severely affected photosynthesis and consequently shoot growth. The size 
is negatively correlated with the concentrations administrated to pea plants, as 
shown by the Pearson’s correlation between these parameters with shoots 
presenting r = -0.997; p = 0.002 and for roots r = -0.984; p = 0.015. 
Hg presents low availability to plants in soil and is mostly accumulated in 
roots which function as a protective barrier for shoots. However, when present 
in excessive concentration, Hg can be transported to the shoots or be 
assimilated by the stomata in the form of vapor (Hg0) due to it being highly 
diffusible (Boening, 2000; Patra et al., 2004; Clarkson and Magos, 2006; Israr et 
al., 2006). In our work, Hg quantification showed a significant increase in plants 
treated with 100 µM in leaves. Despite that we detected Hg in the stem of plants 
exposed to Hg, the amount observed were residual (data not shown). This, 
together with the fact that significant accumulation in shoots was only observed 
at the highest dosage of Hg, is in agreement with the current model of Hg 
uptake through stomata. In roots, a dose-dependent Hg accumulation was 
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observed which concords with the findings of (Boening, 2000). Our results 
prove that P. sativum is able to accumulate significant amounts of Hg in roots 
even at the lowest concentrations tested but despite that, plants exposed to 1 
and 10 µM did not present morphological symptoms and developed like control 
plants.  
From the analysis of cell cycle in roots and shoots we were able to 
detected two types of Hg-induced changes in the cell cycle dynamics. The 
increase of cells in S and decrease at G2, maintaining the CPI in roots exposed 
to 1 µM suggests a delay in the cell cycle. Roots exposed to 10 µM, an effective 
arrest of the cell cycle was observed at the G1 to S checkpoint. This data is 
similar to the arrest found by McCabe et al., (1999) in B-cells line (WEHI-231) 
exposed to 1.0 µM of Hg. Marc et al., (2002) also observed an arrest in cell 
division in sea urchins exposed to 10 µM Hg, with 100 % of the embryos 
remaining blocked at the first division.   
Despite the differences between these types of cells, the similar 
response obtained in these experiments might indicate a common cell strategy 
when facing Hg induced toxicity: a blockage at the G1 to S checkpoint 
preventing the cell from entering cell division and thus avoiding that newly 
synthesize DNA might be damaged.  
At 100 µM the number of cells was significantly reduced (app 3 times 
lower) than in other concentration. This fact together with the apparent delay in 
S and the ICP value suggest that only a subpopulation of root cells survived to 
this concentration but were able to progress through cell cycle, though with a 
delay. This hypothesis is supported by data found in animals. Marc et al.,( 2002) 
observed in sea urchins embryos exposed to Hg that some cells showed 
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apoptotic phenotypes and only 30% reached the swimming blastula stage, 
which is in line with our proposed theory for a Hg-resistant subpopulation of 
cells that is able to progress through cell cycle and develop.  
The evaluation of nuclei’s FS and SS revealed two levels of significance 
in respect to control; nuclei’s extracted from plants exposed to 10 µM had 
significantly lower values while those exposed to 100 µM presented significantly 
higher ones. At the highest concentration, the increase in volume and 
granularity might reflect big aggregates of genetic material (broken nuclei and 
fragments of DNA) which is supported by the observation made by Comet 
assay. The reduced scatter values observed in nuclei from plants exposed to 10 
µM is in line with the findings of the cell cycle dynamics; the predominance of 
G0/G1 nuclei in plants exposed to 10 µM reduced the mean scatter parameters 
of the population of nuclei isolated when compared to a population dominated 
by larger, G2 nuclei (control). Furthermore, the Pearson’s correlation support 
these findings, being that the FS and SS highly correlated with Hg accumulation 
(r = 0.995; p = 0.005 FS-Hg accumulation; r = 0.991; p = 0.009 SS-Hg 
accumulation for roots).  
The assessment of clastogenic damage using the FPCV demonstrated 
that Hg can induce breaks in the genetic material like showed by Falluel-Morel 
et al., (2007) and McCabe et al., (1999). Most of the DNA damage caused by 
heavy metal stress is originated by indirect means, namely through reactive 
oxygen species formation or by interacting with proteins associated with DNA 
replication/repair (Beyersmann and Hartwig, 2008; Rodriguez et al., 2011b). Hg 
however, has the ability (due to being positively charged) to binding directly with 
negatively charged centers of DNA, mainly to the phosphorous atoms, causing 
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mutagenesis (Onyido et al., 2004; Patra et al., 2004). Besides this, Hg is also 
capable of interacting with sulfydryl (SH) groups of the proteins (Zalups, 2000; 
Patra et al., 2004) associated with DNA replication and alter genetic information 
and replication fidelity (Rao et al., 2001). In Pea, at 100 µM, the DNA damage 
measured by FPCV has the highest value of all concentrations. This parameter 
presented a strong correlation with Hg accumulation (r=0.977; p=0.02 for roots), 
TM (r = 0.983; p = 0.0166) and TD (r = 0.952; p = 0.0482), reinforcing the idea 
of DNA damage induced by Hg exposure.    
The most common Comet assay DNA damage marker in plant 
applications is the TM (Gichner et al., 2008a; Gichner et al., 2008b; Hattab et 
al., 2009). However, recently, Collins et al., (2008) suggested that the TD 
covers the widest range of damage. Moreover the TD is linearly related to break 
frequency, allowing better inter-laboratory comparison. Rodriguez et al., (2011b) 
demonstrated in P. sativum plants exposed to Cr(VI) that, despite the high 
correlation between TM and TD, the latter presented correlated better with 
FPCV and with the amount of Cr(VI) accumulated. In Pea, both parameters 
allowed detecting DNA damage and showed a high Pearson’s correlation 
coefficient for roots (r = 0.968; p ≤ 0.05), supporting that they can be use with 
confidence. The TM presented better Pearson’s correlation with both FPCV and 
Hg accumulation than the TD. All of this data demonstrates that a positive 
Pearson correlation is found between Hg accumulation and DNA damage (r = 
0.996, p ≤ 0.05 for roots). Despite that the application of Comet assay to study 
Hg-induced DNA damage in plants has not been reported, studies in animals 
indicate that this technique is sensitive enough to detect DNA damage in cells 
exposed to low concentrations of this heavy metal: Ben-Ozer et al., (2000) 
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observed a significant increase in the comet’s tail length, dependent of the 
dosage administrated (between 0 and 5 µM). At higher doses, they observed a 
decrease in the number of comets, due to an increase of apoptotic cells. In our 
work, a high number of the cells extracted from roots exposed to 100 µM 
formed aggregates of genetic material due to loss of cellular integrity, like 
shown in Figure 6e. It was also possible to detect conformational alteration in 
the comet’s head, like shown in Figure 6f. These findings, like those of Ben-
Ozer et al., (2000), indicate that Hg induces DNA damage in a dose dependent 
manner, until cells are completely destroyed. 
We also observed that the comet’s heads of cells extracted from roots 
exposed to 10 µM were significantly smaller than those of controls. Almost 40% 
of the cells scored were significantly smaller than the mean control population 
(p ≤ 0.05); this result is congruent with the data obtained by FCM, in which 40% 
of the cells were arrested at the G0/G1 (smaller size than G2 nuclei).  
In Hg treated plants, the MI decrease with an increased of the dosage 
used (Fig 8), indicating that MI is dose-dependent. Similarly, Asita and 
Matobole, (2010) described a high decrease of the MI in onion and broad bean 
roots when exposed to Hg for 24h. These results indicate that the MI is a 
reliable predictor of the cell proliferation in tissue, and together with the FCM 
data on cell cycle, indicates that with increasing concentrations of Hg there is a 
tendency to decrease cell division, either by a delay or an arrest of the cell 
cycle.  
The results regarding MNC formation, with 4 MNC detected per 1000 
cells (Fig 9) are in agreement with the report of Souguir et al., (2008). In that 
article, exposure of P. sativum to maleic hydrazide and 50 mM of Cr resulted in 
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MNC formation. Despite this, those authors explained that due to P. sativum’s 
short chromosomes, MNC formation was more difficult to assess than in other, 
more common models for this assay, like Vicia faba or Allium cepa, which 
posses larger chromosomes. This explanation might justify the low number of 
MNC observed in our plants when compared to results in Vicia faba, but 
nevertheless, we demonstrate that this assay can be successfully used in to 
detect Hg-induced MNC formation in P. sativum. 
6. Conclusion 
 
We present here for the first time in plants, evidence of the genotoxic and 
cytostatic effects of Hg using a large battery of genotoxicity biomarkers.  
The evaluation of the DNA damage endpoint revealed that from all the 
biomarkers used, the comet assay is the most sensitive, detecting significant 
levels of damage at lower doses. Despite this, the data presented here suggest 
that all the methodologies provide complementary data, allowing us to enlighten 
the role of Hg as a genotoxic element. Moreover, we found for most of the data, 
significant and strong correlations indicating that these biomarkers are suitable 
for the characterization and detection of Hg toxicity. We also demonstrated that 
low doses of Hg can affect the proliferation of the cells and thus affect the 
growth: at 10 µM Hg, which is below values found in kitchen gardens nearby 
pollution sites, we observed cell cycle arrest and found evidence of DNA 
damage. Regarding that EU’s the maximum admitted levels of Hg in composts 
and sludges can be very close or even higher than dosages that we proved to 
be cyto and genotoxic, it might be advisable to use more restrictive values to 
prevent Hg toxicity. 
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 1. Conclusion 
 
 
Nowadays, heavy metals toxicity has become a serious environmental 
problem due to the risks associated to animals and humans. Most of the harm 
associated with these heavy metals is that at low doses they can compromise 
cells and organs and ultimately, death.    
The thesis presented here provides a new insight to Hg-induced 
genotoxicity in plants, namely in an important grain legume Pisum sativum. This 
is an important contribution due to the scarce information about the variety and 
range of effects that this heavy metal can provoke in plants. 
The results obtained demonstrate that Hg cytostatic effects, which have 
been hinted by a few reports in animals/humans but had yet to be confirmed for 
plants, affected the cell cycle machinery at different levels, depending on the 
concentration used. 
Moreover, at the highest concentration, Hg had a severe effect in the 
DNA, producing DNA fragmentation, degradation, nuclear distortions and 
micronuclei formation. This in turn is congruent with the substantial increase of 
cell and tissue apoptotic/necrotic events, observed at this concentration. 
Interestingly, the few viable cells observed in this concentration presented a cell 
cycle profile alike of those observed in cells exposed to the lowest 
concentration; this indicates that those fewer surviving cells have managed to 
proceed with cell division, even though delayed. 
A comparison between the data presented here and that of other reports 
elucidate that Hg-induced cyto and genotoxicity is akin between plants and 
animals, at least at some extent; this might be indicative of a general 
mechanism by which Hg affects the cell. 
2. Future outlook 
 
There is still room for improving our knowledge about Hg’s phytotoxicity 
and more particularly, its genotoxicity.   
It would be important to understand the effects that might arise from 
chronic exposure to Hg. A long term assay could be used to study Hg toxicity in 
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adult plants and pods, allowing detecting which are the risks to animals and 
humans, associated with consumption of contaminated goods. 
From the data presented here, it is clear that there is a huge gap in the 
symptoms caused by 10 or 100 µM of Hg. Further studies would require testing 
new concentrations between those dosages, which would allow a better 
characterization of Hg toxicity in planta.  
 
Another issue that needs to be further dissected is the mechanism by 
which Hg affects the cell cycle. At the molecular level, it could be possible to 
study key players involved in the regulation of the replication machinery, by 
evaluating the genes’ expression level. 
 
 
Fig10. Mechanism of Hg action in exposed plants. 
 
 Because the viability of cells was compromised at 100 µM it would be 
interesting to evaluate some of the hallmarks of cell death in plants and thus 
better comprehend the extension of the toxicity and how and which signaling 
pathways are activated to induce cell death. 
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In conclusion, in the present thesis, it was demonstrated that Hg can 
induce DNA damage and cell cycle alterations in plants, even at low dosages, 
like it is possible to observe in Fig.10. Furthermore, the correlation between the 
biomarkers analyzed indicates that these could be used reliably to characterize 
Hg’s cyto and genotoxicity and could be used with confidence to detect 
endpoints of metal toxicity. Moreover, the data presented here allow setting new 
goals and perspectives for heavy metal genotoxicity and for Hg in particular. 
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